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General Introduction
Some life-saving surgeries result in the necessity to establish permanent
stomas; this outcome has an undeniable physical and emotional effect on the
patient’s life. For these patients the presence of the stoma and external
pouching system may be lifelong reminders of the societal stigmas regarding
elimination. The need to provide long-term physical and emotional support
for many of these patients also has resulted in significant costs for the health
care system. Although patients with permanent stomas reasonably adjust,
complications that include peristomal skin irritation, pouching system
dysfunction, stoma problems, renal deterioration (in patients with a urinary
diversion), social inhibition, depression, and sexual dysfunction also have
been reported.1-10
The underlying issue is continence: the ability to control and evacuate feces,
flatus, or urine at socially acceptable times and places. In fecal incontinence
the definition extends to being able to distinguish between gas and stool.
Surgeries resulting in traditional abdominal stomas render the patient
incontinent. The use of a pouching system provides a measure of continence
or control over elimination. Even infrequent leakage and odor, however, are
frank reminders of underlying incontinence. There remains a need to be
continent. Research in this area also has been motivated by the prolonged
survival of these patients. With operative survival routine and cure of cancer
common, patients are living longer and therefore are willing to have a type of
surgery that promises a more “natural” result. That is, patients no longer are
universally grateful to be alive; they also seek an improved quality of life.
The quest for fecal continence has resulted in numerous non-surgical and
surgical continent diversion techniques.11-32 The use of dynamic myoplasty is
one of them. Dynamic myoplasty is a term given to the use of electrical
stimulation devices to stimulate surgically elevated muscle flaps. Using new
electrical stimulation devices and skeletal muscle flaps dynamic myoplasty has
been used to treat fecal33 and urinary34 incontinence using a gracilis muscle
flap neo-sphincter. Another clinical example is use of the lattissimus dorsi
muscle to augment the pump function of the heart in patients with chronic
heart failure.35 None of the attempted techniques to maintain stomal
continence have enjoyed widespread use because of associated complications
or because these techniques were not able to provide complete continence.
Failure of the surgical techniques has been mainly due to foreign body related
complications like wound infections or ischemic complications related to the
surgical procedure.24,25,36,37 These eventually lead to necrosis of the stoma and
peristomal area27,38 resulting in narrowing of the stoma. In dynamic myoplasty
these complications should not occur since the stoma sphincter is constructed
of innervated and vascularized autogenous skeletal muscle. However, like the
many other attempts, the use of dynamic myoplasty to achieve stomal
continence has also met with limited success. The results do not support
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Chapter 1
dynamic myoplasty as being a better alternative treatment for fecal stomal
incontinence than those methods already available. Denervation atrophy
caused by flap elevation to construct the sphincter and early muscle fatigue
caused by continuous electrical stimulation were responsible for these
disappointing results and constitute the major obstacles standing in the way of
dynamic myoplasty becoming an effective solution to stomal incontinence in
the clinical setting.
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Aim and outline of this thesis
Aim
The aim of this thesis was to create an abdominal stomal sphincter with an
electrically stimulated skeletal muscle flap (dynamic myoplasty) in order to
maintain long-term stomal continence.
The following questions were investigated in this thesis:
• Is it possible to use an innervated pedicled skeletal muscle flap, using local
available skeletal muscle, for stomal sphincter construction?
• Which muscle flap design is the best for stomal sphincter construction
while keeping its innervation intact?
• Is the developed muscle sphincter able to function as such, e.g. able to
generate sphincter pressures that are consistent with stomal continence?
• Is it feasible to make the stomal sphincter fatigue-resistant by means of
training resulting in long-term stomal continence?
• What type of electrical stimulation (intramuscular or direct nerve) is the
best in terms of generating long-term stomal continence?
• What is the effect of chronic stimulation on the stomal sphincter muscle
fiber type transformation, muscle fiber histology and its bowel wall
morphology?
Outline
Based on previous reports on dynamic myoplasty for stomal incontinence and
our laboratory success using dynamic myoplasty techniques39-43 it was believed
that a continent stoma sphincter could be designed and could provide
continence for at least several hours. A multiphase project was undertaken
that was designed to solve the critical issues of denervation atrophy and early
muscle fatigue.
Chapter 2 describes the types of intestinal stomas, epidemiology of stomas,
problems associated with stomas and it focuses on the problem of stomal
incontinence. Past and current treatment options for stomal incontinence are
outlined in detail in this chapter.
The phenomenon muscle plasticity, dynamic myoplasty and its clinical
applications are described in Chapter 3. This is followed by description of the
former attempts in applying dynamic myoplasty to the problem of stomal
incontinence.
In Chapter 4 the basic knowledge of physiologic and electrical muscle
stimulation is described to better understand and approach the problems
encountered with functional electrical stimulation (FES). The problem of
muscle fatigue and methods of approaching it will be described in detail.
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The first phase of our multiphase study is described in Chapter 5. This first
study addressed the problem of denervation atrophy. It involved identifying an
ideal muscle to use as a stomal sphincter and determining the anatomical
feasibility of using that muscle to wrap around a fecal stoma in fresh human
cadavers. Two different flap designs were investigated.
The second phase is described in Chapter 6. The proposed rectus abdominis
muscle island flap design, developed in the first study, was attempted in an
acute canine model. The aim of this study was to determine if the elevated
flap wrapped around a stoma would function as such e.g. would be able to
generate stomal pressures sufficient for stomal continence.
In order to solve the problem of muscle fatigue we performed two chronic
canine studies (third and fourth phase). In the first chronic study we defined a
methodology for training the muscle sphincter. This study was designed to
determine if the rectus muscle could be “trained” to become fatigue resistant
in a chronic canine model. In the first part of the chronic study (Part I.
Intramuscular stimulation) we investigated two training protocols (A and B).
The best was defined to be the one that led to stomal continence for a couple
of hours. The second chronic study (Part II. Direct nerve stimulation) involved
the application of the best training protocol found in Part I with the use of
nerve cuff electrodes instead of intramuscular electrodes. These chronic
studies are described in Chapter 7.
In Chapter 8 the effect of chronic stimulation on sphincter muscle fiber type
transformation and muscle fiber histology was analyzed. In addition the
examination of the morphologic changes in the small bowel was investigated
in this chapter.
Chapter 9 includes the summary and epilogue of this thesis.
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Introduction
An intestinal stoma or ostomy is a surgically created opening in the anterior
abdominal wall that allows the passage of fecal material or urine from the
intestines. There are two types of intestinal stomas. A colostomy is a
connection of the colon to the skin of the abdominal wall. An ileostomy
involves exteriorization of the ileum on the abdominal skin. A variety of
clinical situations (neoplastic, congenital, traumatic, inflammatory and
ischemic disorders of the intestinal tract) necessitate the surgical formation of
an intestinal stoma. The most common indication for a colostomy is colorectal
cancer. The indication for ileostomy construction is for patients who require
removal of the entire colon, and usually the rectum, for inflammatory bowel
disease either Crohn’s disease or ulcerative colitis. There are an estimated 750
thousand persons with ostomies in the United States and 100 thousand
ostomy operations are performed annually in the United States.1 Worldwide
the numbers are not insignificant either. For example in The Netherlands the
prevalence of patients with a stoma is approximately 20 thousand and in the
United Kingdom the prevalence of colostomy patients is 100 thousand.
The type and anatomical location of the stoma determines the frequency of
effluent, nature of the effluent (the consistency, the odor, the presence of
corrosive enzymes), and the care required in terms of pouching, or application
of an external collection device. The physiology of the colon should be taken
into account when considering the construction of a colostomy. The right side
of the colon absorbs water and has irregular peristaltic contractions. Stomas
made from the proximal half of the colon usually expel a liquid content. The
left colon serves as a conduit and reservoir and has a few mass peristaltic
motions per day. The content is more solid. A colostomy is usually located in
the left lower quadrant. An alternative location is through the midline fascia.
The surgical construction of an ileostomy must be more precise than for a
colostomy because the content is liquid, high volume, and corrosive to the
peristomal skin. An ileostomy is most of the time located in the right lower
quadrant.
Individuals with stomas often have poor psychosocial outcomes that range
from failure to return to occupation, withdrawal from social and intimate
contact, to depression and anxiety.2 Emotional and social withdrawal include
feelings of degradation, damage, isolation, restriction, and mutilation.
Embarrassment of the presence of an appliance or fear of leakage and odor
may cause them to limit their social, sexual, recreational, and work activities.
The lifelong stoma maintenance required by patients with permanent
colostomies and ileostomies decreases the quality of life for many people.3-7
hoofdstuk 02  27-03-2002  11:00  Pagina 13
14
Chapter 2
Because the stoma lacks a sphincter, elimination is not under the voluntary
control of the individual. The presence of stool or urine on a plane of the body
that may be visible (or at least detectable) to others during social contact
poses a major concern to the person with a stoma. Involuntary passage of
flatus, and the sound created by the passage, is also a major concern to the
person with an intestinal stoma.
Many efforts have been done in the past to address the problem of stomal
incontinence. Most current methods for stomal continence use an external
pouching system (plastic bag reservoir) into which the fecal material or urine
empties constantly and over which the patient has little or no control. These
methods have many disadvantages such as a bulky, inconvenient external
appliance filled with malodorous fluid that threatens to leak or cause odor and
which may be associated with audible, embarrassing intestinal sounds. Through
the years, multiple techniques have been proposed to improve the quality of life
of these individuals by providing them with stomal continence.8-10 These include
nonsurgical and surgical techniques.
Nonsurgical Techniques
Nonsurgical techniques consist mainly of an irrigation technique or the use of
devices that occlude the stoma when desired. The most frequently used non-
surgical treatment option for patients with a distal colostomy is intermittent
irrigation of the stoma to wash out formed stool.11-14 The technique of
irrigation uses a cone tip that fits into the stoma only enough to provide a seal
and to allow the instillation of 500 to 1000 ml of water. Once the water has
been instilled, a drainage bag is applied, and the colostomy empties in
response to this stimulation. Between irrigations the patient usually wears a
security pouch, which permits passage of gas through a filter. This is only
recommended for colostomies of the distal colon where stool is more solid and
well formed, and for patients who are physically and mentally capable of
performing self-care. Another non-surgical strategy for continence is a
disposable colostomy plug.15,16 Success rates associated with the use of this
plug have varied.17,18 Recently a colostomy tube was developed, consisting of a
silicone funnel and tube. Using a canine model, the funnel and tube were
inserted in the bowel lumen after colostomy creation.19 Although promising
results were reported in these dog studies, clinical trials have not yet been
published. Another option is behavior modification. This technique involves
training patients to sense bowel evacuation and respond by contracting their
abdominal muscles to close the stoma. Reboa et al. investigated biofeedback
training to obtain continence in patients with a permanent colostomy.20
Results were considered good when patients attained at least 70% continence.
Of 18 patients investigated, 15 achieved said levels.
hoofdstuk 02  27-03-2002  11:00  Pagina 14
15
Stomal Incontinence: Treatment Options
Surgical Techniques
Numerous surgical techniques have been designed to obtain stomal
continence. Ceulemans and Van Baden developed a technique that involved
positioning a very small colostomy as high as possible along the left costal
margin of the rectus abdominis muscle.21 This design was based on the idea
that a stoma on the superior aspect of the abdominal wall would not drain
stool in a dependent gravity-assisted fashion. Despite some reported success,
this procedure has not gained widespread acceptance and is no longer
performed.
Kock et al. developed an intestinal nipple valve by intussuscepting a segment
of bowel that was interposed between a bowel reservoir and the stoma.22 This
procedure is used most often with ileostomies and in a few clinical cases in
colostomies.23 With this technique the patient no longer needs to wear an
external appliance. However, intermittent intubation of the reservoir with a
silicone catheter is still required to evacuate stool. Evacuation becomes
difficult if the stool is allowed to become too thick. Complications of this latter
technique are frequent and are due to dysfunction of the nipple valve. Nipple
valve dysfunction is due to sliding or prolapse of the nipple valve, internal
fistulae bypassing the valve or stomal strictures.24-26 Concurrently, complete
replacement of the valve by various prosthetic mechanisms was under
investigation. Beahrs et al. found that a cuffed Silastic catheter, similar to an
endotracheal tube, restored continence in “failed” Kock ileostomies.27 Fendel
and Fazio replaced the nipple valve by a porcine aortic valve in an
experimental model.28 A mucosal “flap” valve was created in another
experimental setting.29 Magnetic closing caps were implanted successfully in
two patients30 Although the devices subjected to clinical trials were able to
maintain continence, various complications and limited patient acceptance
prevented widespread adoption of their use. A different approach was taken
by Fazio, Cohen, Barnett, and others. They found that the intussuscepted
nipple valve was more stable when it was mechanically supported at its
junction with the pouch and the outflow tract. A strip of fascia,31 Marlex or
Prolene,32 and later, an ileal limb33 were used to buttress the valve. Short-term
results were promising. A dramatic decrease in the rate of valve desusception
was reported. However, an equally dramatic rise in the rate of late fistula
formation was associated with the use of the various plastic materials.34,35
Another surgical technique designed to create a continent stoma involved
construction of a sphincter using a smooth muscle graft of the large
intestine.36 The transplanted smooth muscle was wrapped around the distal
portion of the intestine and the intestine with its new smooth muscle coat was
brought through the abdominal wall as a stoma. In a series of nearly 500
patients, almost 80% were able to go for a 24-hour period without the need
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for an appliance. Continence of liquid stools and gas, however, was not
sustained and postoperative complications ultimately led to the abandonment
of this procedure. Autotransplantation of the stomach pyloric sphincter muscle
around the colon has been attempted in a canine model. However, narrowing
of the neo-sphincter produced obstruction and fecal continence was not
achieved.37 Artificial sphincters in the form of implanted devices are another
surgical treatment option. A magnetic stoma mechanism was introduced by
Feustel and Hennig38 and described by Kubchandani and coworkers.39 The
system consisted of a magnetic ring implanted subcutaneously in the
abdominal wall. The bowel was brought through the ring and a stoma was
created. After a recovery period, the magnetic external cap was inserted into
the stoma. Complete continence varied from 23% to 76% of the patients in
different clinical trials. Complications with this procedure varied in terms of
severity40 and included wound infections, necrosis of the stoma and peristomal
area, development of fistulae, and incontinence due to suboptimal seating of
the internal magnetic ring. A two-part silicone device was developed by
Prager et al.,41 but complications were similar to those encountered with the
magnetic device.
Last but not least dynamic myoplasty has been attempted as one of the
surgical techniques to generate stomal continence.42-44 Dynamic myoplasty uses
own skeletal muscle and therefore prevents foreign body related complications
at the level of the stoma.
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Myoplasty encompasses a variety of clinical processes involving transfer of
skeletal muscle for replacement or enhancement of body parts. Depending on
whether the purpose of using the skeletal muscle flap is for filling a defect or
restoration of contractile function, innervation is not, respectively is of major
importance.
Muscle flaps are mainly used for bulk to cover defects of the upper and lower
extremity caused by trauma1 and osteomyelitis,2,3 deformities of the face4 and
to cover defects caused by oncological resections.5 For breast reconstruction
the rectus abdominis muscle has been used extensively. For this application
the muscle serves as a carrier for the vascular supply but nowadays can be
omitted when the vessels are dissected out (perforator flaps).6 The result is an
inferior epigastric artery skin flap without rectus abdominis muscle.
Restoration of upper and lower extremity function is made possible by
transposition of tendons (local muscle flaps), transposition of distant pedicle
muscle flaps and by microneurovascular reanastomoses in free muscle flaps.
Restoration of function of the upper extremity by a gracilis muscle free flap for
replacement of the flexor muscles of the forearm is an example.7,8 Restoration
of function using a distant pedicle flap has been described by Mackinnon et al.
They transposed the latissimus dorsi muscle to the upper arm to replace a
non-functioning biceps femoris.9 As free revascularized muscle flaps the
gracilis10,11 and pectoralis minor muscle12,13 have been used for dynamic
reanimation in patients with facial paralysis. Restoration of function could be
established after a microneurovascular anastomosis. In the given functional
myoplasty examples the contraction characteristics of the transposed muscle
flap are in close proximity to the original muscle (extremity musculature) or
far from the normal function (face musculature) but no electrical stimulation
is required because of reinnervation.
In the eighties there was felt to be a need for muscle flaps that could be more
versatile in terms of performing a different function from its original one. This
led to the development of dynamic myoplasty, in which the addition of
electrical stimulation allows the transferred skeletal muscle to provide a
function different from its original one. The two major applications presently
under clinical investigation are dynamic cardiomyoplasty for the treatment of
heart failure and dynamic myoplasty for the treatment of fecal or urinary
incontinence (dynamic anal respectively urinary graciloplasty).




The term muscle ‘plasticity’ refers to the ability of muscle tissue to undergo
profound changes in its contractile speed and other properties long after the
primary processes of differentiation and growth have been completed. The
contractile properties of muscle can be changed by exercise and electrically
induced exercise. The latter involves the placement of an electrode in a muscle
or on a nerve followed by a conditioning period of electrically induced
exercise. During this period the muscle is subjected to continuous or
interrupted electrical stimulation in a graded incremental fashion until the
desired properties are achieved. The effect of exercise is to convert the muscle
from one that fatigues rapidly (fast-twitch glycolytic (type II) fibers) to one
that can sustain a reasonable force for a protracted period of time (slow-
twitch oxidative (type I) fibers).
From animal experimentation it is known that continuous stimulation, at a
low frequency (5-10 Hz), can convert a muscle with a mixed fiber type
population to a muscle with a uniform population of slow-twitch fibers, which
have a high capacity for oxidative metabolism.14-17 It is also known that a
muscle subjected to electrically induced exercise with a low frequency (10 Hz)
paradigm will undergo a decrease in mass and a decrease in the magnitude of
the maximum force the muscle can generate.18,19 Muscle property changes can
be predicted and fashioned for a particular purpose, depending on the
stimulation paradigm involved. Hudlicka et al. found that a paradigm that
allowed the muscle to generate greater sustained muscle tension was the 30
Hz pattern. Muscles adapted to a particular paradigm functioned more
effectively in concert with that paradigm. However, histochemical,
histological, and biochemical results did not explain the different effects of the
stimulation paradigms. No difference was found in the extent of fiber
conversion present for muscles stimulated at 10 and 30 Hz in the same animal
despite the improvement in sustained and tetanic tension seen for muscles
stimulated at 30 Hz.20 Changes in muscle properties have been mainly
attributed to the total hours of stimulation per day and not the pattern of
stimulation.20,21
Dynamic Cardiomyoplasty
Dynamic Cardiomyoplasty is a technique that uses skeletal muscle to augment
ventricular function.22-24 It is aimed at treating patients with chronic heart
failure, refractory to medical therapy, that severely limits their daily life, a
Class III or intermittent Class IV condition, according to the New York Heart
Association (NYHA) classification.25 In dynamic cardiomyoplasty, the
latissimus dorsi muscle is elevated as a flap based on its thoracodorsal
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neurovascular pedicle, transferred into the thorax, and wrapped around the
ventricles of a failing heart. The most common form of the procedure involves
wrapping the left latissimus dorsi muscle around the heart as a posterior
wrap.26 Subsequently, the muscle is trained over an 8-12 week period to
contract in synchrony with cardiac systole by means of a programmable,
implantable nerve-muscle stimulator.27,28 In this way, cardiac function is
augmented. The first procedure was performed in 1985 in Paris by Carpentier
et al.29 and to date has been performed clinically in more than 600 patients
worldwide.
Whilst many patients do well after cardiomyoplasty procedures in the
literature there exists a large variability in the actual improvements in cardiac
haemodynamic indices described.30,31 The reason for this variability is unclear.
One of the possibilities could be related to the viability of the latissimus dorsi
muscle used to wrap the heart. It is known that when the latissimus dorsi
muscle is lifted in its entirety on its thoracodorsal pedicle the distal region of
the flap will experience ischemia and often go on to necrosis.32 In
experimental studies vascular delay has been found to improve latissimus
dorsi muscle perfusion and contractile function.33,34
Another determining factor of the functional outcome could be the training
protocol used. Different methods of electrical stimulation have been compared
in their effectiveness of creating fatigue resistance35 and their effect on
damaging the muscle.36 Chronic electrical training of the latissimus dorsi
muscle prior to cardiomyoplasty has been studied in various experimental
models. Mannion et al. examined chronic electrical stimulation and vascular
delay as done before cardiomyoplasty. They demonstrated that, after
mobilizing the latissimus dorsi, chronic electrical preconditioning of the
latissimus dorsi muscle prior to cardiomyoplasty significantly increased, but
did not totally restore, exercise-induced blood flow to the distal part of the
muscle when compared to contralateral in situ latissimus dorsi muscle.37 Ali et
al. found that preconditioning the latissimus dorsi muscle with vascular delay
resulted in improving performance of the latissimus dorsi muscle with
consistent increases in left ventricular hemodynamics. However, this was not
observed after preconditioning with chronic electrical stimulation.38
Dynamic Anal Graciloplasty
Fecal incontinence is an underreported condition that affects 2.5 percent of
the population. It is a huge problem in human terms with high direct
economic costs and indirect costs that result from the unwillingness of people
to leave their homes. If anal sphincter repair or biofeedback training is not
successful, dynamic graciloplasty is an effective option.
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In the 1950s, surgeons developed a passive wrap of gracilis muscle around the
anal canal.39,40 It failed because the patients were unable to maintain the
necessary contraction of the muscle voluntarily because the muscle fatigued.
The electrically stimulated, skeletal muscle neo-sphincter was developed later
on. It adds to the passive muscle wrap a neural or intramuscular electrode
that stimulates the muscle.41,42 An electrical stimulation protocol lasting eight
weeks is used to transform the muscle into a fatigue-resistant fiber type.
During this period the muscle is stimulated using a graded incremental
training regimen until continuous stimulation is achieved. The patient controls
fecal continence at will by turning an electrical stimulating device on and off
to open and close the skeletal muscle neo-sphincter. Widespread applicability
of the procedure was limited initially by the need for an external stimulator.
Technological advances in the field of electronics have made available
electrical stimulation devices that are small, implantable and have long
battery lives.
In 1988, Baeten et al. reported the implantation of a neuromuscular
stimulator in a patient who had been treated previously with a gracilis muscle
transposition because of anal atresia. This resulted in a perfectly controllable
sphincter function.43 In 1989, Williams et al. reported a case of construction of
a neoanal sphincter following proctectomy.44 In 1991, Williams et al. then
described the use of a neoanal sphincter in 20 patients with fecal
incontinence.42 Although there were six failures, the results were encouraging
because in all patients with functioning neo-sphincters, continence was
improved. Complications included severe perineal sepsis in nine patients,
including muscle necrosis in four, electrode displacement in four, difficult
evacuation in four, fibrosis and stricture in two, and transient neuralgia in
two. This high complication rate must be taken in context with the fact that
the only other option for these patients was a permanent stoma.
Vascular delay of the gracilis muscle is described as a possible solution to
improve blood supply in the distal part of the gracilis muscle.45 This concept
was applied by Williams et al.42 and Wexner et al.46 To prevent ischemia of the
distal part of the gracilis muscle vascular delay 4-6 weeks before transposition
of the gracilis muscle was used. It was suggested that improvement of the
results was attributable to vascular delay prior to muscle transposition.
However, Williams et al. reported later on elimination of the delay without
adverse effects.47
So far no randomized study has been performed to explore whether the final
result depends on the type of loop used to wrap the gracilis muscle around the
anal canal. Good results have been reported with the gamma loop,41 the
epsilon loop,42 the alpha loop48 and the modified epsilon loop.49




Deming was the first to describe the graciloplasty for urinary incontinence in
1926.50 In a population of children with total incontinence because of
epispadia, he detached the gracilis muscle at its insertion under the knee and
wrapped it around the urethra. While pressing the knees tightly against each
other by activating the adductors, including the gracilis muscle, the patients
could actively evoke urinary continence. In 1956 Pickrell et al. reported the
same procedure in a series of patients as a success.51 However, the drawback
of this technique was that it is not possible to maintain continence for a long
time, because of muscle fatigue. The success of the anal dynamic graciloplasty
for treating fecal incontinence led some investigators to explore a similar
approach to restoring urinary incontinence. Janknegt et al.52 and Williams et
al.53 reported use of the same procedure with the addition of an implantable
stimulator to electrically stimulate the gracilis muscle flap. Despite the
promising potential of this new application of dynamic myoplasty, preliminary
outcomes have been disappointing. The main problems seemed to be
associated with stricture of the urethra created by the neosphincter as a result
of distal muscle ischemia.53,54 In an experimental study van Aalst et al.
addressed this problem by introducing a new procedure whereby the gracilis
muscle is used as a free flap by dividing the main vascular pedicle and the
muscle’s origin at the pubic bone and reanastomose its vascular supply.55 The
well-vascularized proximal part of the gracilis flap could now be used to form
the neo-sphincter and showed no evidence of stricture of the urethra for a
follow-up of 16 weeks.56
Dynamic Myoplasty for Stomal Incontinence
A new, and yet to be clinically tested, option for stomal incontinence is the use
of dynamic myoplasty. To date, few studies have been done to investigate the
feasibility of using dynamic myoplasty to provide stomal continence. The few
reported cases done have been discouraging. Cavina et al.57 electrically
stimulated the internal oblique muscle in an attempt to create a continent
stoma. However, only one patient was treated using this technique and no
follow up has been reported. Merrel et al.58 reported two different methods of
using a free microneurovascular gracilis muscle flap in a dog model for stoma
neo-sphincter construction. However, in both cases denervation atrophy of the
gracilis flap (fatigue in one and closure of the stomal orifice in the other) was
reported to have lead to failure. Konsten et al.59 used electrically stimulated
rectus abdominis muscle flaps in the pig. They described three different
designs of using the rectus abdominis muscle for stoma sphincter
construction. The first design was the proximal rectus abdominis muscle
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wrapped around the stoma. The second design was bowel pulled through the
middle of the rectus abdominis muscle. Finally a sling was constructed using
the distal part of the rectus abdominis muscle. They found that muscle
denervation and fatigue lead to failure.
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The reanimation of contractile function of muscle is an important advance in
the field of reconstructive surgery. Contraction can be either done voluntarily
after a few months when the muscle’s nerve is coapted (e.g. dynamic
reanimation in patients with facial paralysis1) or with the help of an external
stimulator. The latter is needed when there is an upper motor neuron injury.2
In this situation the paralyzed muscles have an intact lower motor neuron
pathway from the spinal cord to the muscle endplate. To activate the
paralyzed muscles an external electrical stimulus is needed. External
stimulation is also required when a muscle is transposed and has to perform a
function different from its native one even with intact nerve supply.3
The most optimal would be an electrical stimulation system that imitates the
natural activation of skeletal muscle. The physiological route for activating
skeletal muscle is via a complex mechanism in which the brain, spinal cord
and peripheral nervous system are involved and interact.4 The activity
imposed by chronic electrical stimulation is simple but on the other hand can
have adverse effects because of improper use. Therefore, by understanding the
basic knowledge of physiologic and electrical muscle stimulation one can
better understand and approach the problems encountered with electrical
muscle stimulation.
Functional Electrical Stimulation (FES)
Functional electrical stimulation (FES) covers the general field of using
electrical stimulation to recover a lost function. This applies to the central
nervous system directly (e.g., cerebellar stimulation5), to cranial nerves (e.g.,
auditory prostheses6) and to the peripheral nervous system.7 When applied in
the last group to achieve functional movement, it is often referred to as
functional neuromuscular stimulation (FNS). FNS is generally applied to
stable neurological lesions where no further recovery is expected and it is
accepted that the procedure should be effective for the lifetime of the user.
Peripheral nerve stimulation also covers therapeutic stimulation, which is
usually applied to enhance residual or temporarily diminished voluntary
function and is of shorter duration. Finally peripheral nerve stimulation covers
the field of dynamic myoplasty.
Peripheral Nerve Stimulation Physiology
Stimulation of excitable tissue is initiated by depolarizing the cell membrane.
The resting transmembrane potential arises as a result of an ionic
concentration difference in the intracellular and extracellular fluids of the cell
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body and axon. Normally, action potentials are generated by membrane
potential changes following synaptic currents. Lowering this potential
artificially results in the generation of a propagated action potential.
Unmyelinated axons carry the action potential smoothly, while myelinated
axons carry it in discrete steps but at faster speeds.
The threshold of stimulation is the minimum stimulus amplitude or duration
needed to initiate an axon potential, and this translates to a minimum amount
of cathodic charge transfer necessary. Peripheral nerve stimulation to gain
muscle contraction depends on delivering a controllable amount of charge to
the nerve through an extracellular electrode.8 Action potentials can also be
generated by anodic break currents. Since the thresholds for these are much
higher, for practical FNS cathodic stimulation is universally used.
The amplitude of the pulse needed to start an action potential is greater for
pulses of shorter duration. Though one would use long duration pulses to
minimize the current amplitude needed, total charge transfer should be
minimized to decrease the chance of tissue injury. The threshold charge also
increases with pulse width increase. This increase is due to the fact that with
long duration pulses, the charge is distributed rather than being concentrated
at the excitation site.
In myelinated axons there is a constant relationship between the internodal
distance and the diameter of the axon (internodal distance = 100 x diameter).
Thus large-diameter axons have nodes further apart than small-diameter
axons. As a result, under a uniform electrical field the large fibers have a
larger potential difference between adjacent nodes. The result of this is that
larger fibers have lower thresholds and fire before smaller fibers, which is the
reversal of the physiologic recruitment order. Although this does not affect
applications where the stimulation is delivered to the muscle through
epimyseal or intramuscular routes, it does have importance in nerve cuff
applications. Techniques have been developed using a special stimulation
waveform to recruit small fibers before large.9 In applications in which direct
nerve cuff stimulation is used, the diameter of the axons in the nerve and their
distances from the stimulating electrodes have an effect on the recruitment
domain and order. There are strategies by which axons can be selectively
activated. Thus, only large fibers or small fibers or a group of localized fibers
can be stimulated.10,11 During epimyseal and intramuscular stimulation the
muscle is activated by direct nerve stimulation of the intramuscular muscle
branches and not through muscle fiber stimulation. The thresholds for muscle
fiber activation are much higher for direct muscle stimulation as compared to
direct nerve stimulation.12




The use of metal electrodes for electrical stimulation necessitates the flow of
ionic charge into tissues. This can occur by capacitative or faradic
mechanisms. In the former there is alternate attraction and repulsion of ions
but no net transfer of electrons. Thus there is no chance of chemical changes
occurring. This is an ideal mechanism of charge injection, but is limited by the
maximal amount of charge that can be transferred before the dielectric breaks
down. Because the charge required for physiological stimulation far exceeds
that available from capacitative mechanisms, FNS depends on faradic charge
injection. Faradic mechanisms involve transfer of electrons, which means that
some chemicals are oxidized or reduced. This can be reversible, as when an
opposing current reverses the chemical changes of the preceding stimulation
pulse and no new chemicals are formed or destroyed. Thus there is no
corrosion of the electrode. In irreversible processes, material is lost into the
extracellular fluid.
The guiding principle for selection of electrode materials and stimulation
protocols is chemical reversibility. For a particular electrode material, there is
a limit to the amount of charge that can be injected before reaching the limits
of the reversible processes. This charge limit depends on the electrode
material, its shape and size, and the stimulation waveform. The temporal
pattern of the stimulus waveform is probably the most important criteria.13
The least damaging waveforms are biphasic with no net direct current and
charge densities within the reversible spectrum. The charges in each half of
the waveform may be balanced with a symmetrical or asymmetric wave and
there may be delays between the two parts of the biphasic pulse.
Biomaterials
Platinum and its alloys with iridium have been most widely used for electrical
stimulation. Platinum is ideal for peripheral applications, while the addition
of iridium oxide coatings allows smaller sized electrodes to be used.13 Of the
non-noble metals, 316L stainless steel has been widely used for intramuscular
electrodes.
Leads are one of the critical parts of any stimulation system, either
percutaneous or implanted, since they have to be able to withstand fatigue
failure from shear and joint movement. The implanted stimulators are
packaged in titanium with hermetic feedthroughs for the leads. With this type
of packaging, the receiving coil has to be outside the main package to avoid
significant loss of radiofrequency signal.14 They also have been packaged in
ceramic material, which allows all the components to be in one package, thus
reducing the size of the stimulation device.




Potential adverse effects of peripheral neuromuscular stimulation are the
possibility of tissue damage, unwanted spillover patterns and pain. The
mechanism of tissue damage falls into two categories: first, from toxicity from
products of electrode dissolution, and second, from non-electrochemical
mechanisms like vascular damage or neural membrane damage from passage
of the electrical current.15 The electrochemical problem can be migated by
following safe stimulation techniques as previously discussed. Long-term
stimulation of muscles using intramuscular or epimyseal electrodes can be
done with no deleterious effects. Nerve cuff electrodes have the potential for
causing greater damage, but careful regulation of the stimulation parameters,
charge densities, total charge delivered, and electrode configurations can
minimize this.
Nerve cuff electrodes have been used for many applications ranging from
phrenic nerve stimulation for respiratory assist to dynamic cardiomyoplasty.
As various the applications are as diverse the long-term effects are, even
within the application. Glenn et al. reported a study in which quadriplegic
patients with respiratory paralysis have been treated by electrical stimulation
of the phrenic nerves to pace the diaphragm.16 The average time the 13
patients have had bilateral diaphragm pacemakers is 26 months. Injury to the
phrenic nerves either by initial trauma to the cervical cord or during operation
for implantation of the nerve cuff was the most significant complication. In
spite of this, nerve damage from prolonged electrical stimulation has not been
a problem in this study.
Application Basics
Stimulation parameters selected for electrical stimulation have the objective
of depolarizing the specific fibers in the peripheral nerve generally to effect
movement of a particular muscle group or groups without evoking an
undesirable sensation. Because recruitment is affected by the number of active
motor units and the rate of their firing, the stimulation parameters must allow
these two variables (i.e., recruitment and temporal summation).
There are different anatomic routes and sites for the placement of electrodes,
and this diversity affects the efficacy, selectivity, adverse effects, and the
stimulation parameters needed. Three types of electrodes are used, classified
by invasiveness as surface, percutaneous, and implanted. With each of these
electrodes, stimulation can be monopolar or bipolar. The stimulus waveform
used to affect excitation is generally a biphasic current controlled waveform
with equal charge contained under the negative and positive going
components of the stimulus and waveform. The current controlled phase (in
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contrast to using a voltage controlled phase) insures delivery of the desired
amount of current to the nerve regardless of tissue impedance changes that
might occur at the electrode with encapsulation.
Control of activation of the number of motor units is obtained by increasing
either the current or the pulsewidth of the stimulation. Recruitment obtained
in this way activates more and more motor units as either the stimulus
amplitude or pulse width is increased. However, recruitment is a nonlinear
property and the force versus stimulus characteristics generally show no force
generated up to a specific stimulation level (known as threshold), followed by
a nonlinear in the magnitude of force with increasing magnitude of
stimulation. The specific relationship between the stimulus input and the force
developed is unpredictable and depends significantly on the geometric
relationship of the electrode to the desired nerve fibers. Thus this must be
determined experimentally.
In a case of muscle-based electrodes, muscular contraction is elicited through
activation of the peripheral nerve, but the electrode generally is not
immediately adjacent to the nerve itself, but is rather based on or in the
muscle. These electrode types generally are thus less efficient in affecting
neural activation and may require a stimulus as high as 20 mA and a stimulus
pulse width of as high as 200 µsec to affect strong activation of the muscle.
Muscle Fatigue
General
A universal complication of all functional electrical stimulated muscle in situ
or transferred muscle (dynamic myoplasty) is muscle fatigue. Muscles require
maintenance of adenosine triphosphate (ATP) within the myofibers to
generate force through the contractile interaction of actin and myosin
proteins. In the absence of adequate oxygen delivery, muscle dependence
upon aerobic mechanisms of metabolism for ATP generation will become
limited and dependence upon anaerobic metabolic mechanisms will prevail. A
consequence of this shift to anaerobic metabolism is a reduction in ATP
production and an increase in lactic acid production. While the etiology of
muscle fatigue is complex and can result from many contributing factors, the
combination of decreased ATP availability and decreased intracellular pH from
lactic acidosis certainly contribute to the failure of muscle to produce
contractile force.17
In activation of muscle, electrical stimulation provides an unnatural means of
eliciting firing of the motor units. All other factors considered equal, the
recruitment order achieved for electrical stimulation is through large motor
units (innervating fast-contracting, fast-fatiguing motor units) being excited
at lower thresholds than those for slow contracting, slow twitch motor units.
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This is the reverse order of recruitment of that achieved during normal
voluntary contraction.18,19 In actual implementation the activation pattern is
considerably more complex because smaller motor units may be closer to the
electrode than larger motor units. Thus, the inverse size principle may not be
as critical in differentiating the recruitment order. These alterations of the
metabolic properties of the muscle are important in its ultimate clinical use. In
particular one encounters reductions in either the maximum force that can be
generated or the ability to sustain muscle contraction.
With regard to fatigue, two properties are known to be most important. They
are the metabolic profile of the muscle which is being excited and the
frequency of stimulation which is delivered to the nerve. For the metabolic
profile it is well known that most muscles are composed of motor units that
possess different contractile properties, which allow them to act over a wide
range of speed of contraction and endurance. In upper motor neuron injury
paralyzed muscle is distinguished by having lost many characteristics and is
composed of a greater uniformity of fibers, which contractile speeds are
similar to fast contracting and relaxing and fast fatiguing.20 Because of this,
electrically stimulated muscle fatigues quite rapidly and generates little force.
A second factor with a significant influence on muscle fatigue is the frequency
of activation. It is well known that the muscle generates greater force at
higher stimulus frequencies and that a minimum stimulus frequency of 10 to
15 Hz is required to produce a fused contraction of a muscle with slow
contraction characteristics. Stimulation at low frequencies is desired, because
the force-time properties of the muscle are extended. Thus, in obtaining
functional use of muscle, one desires low frequencies for greater endurance
but higher frequencies for increased force.
Fatigue in FES
Various methods have been used to reduce fatigue in functional electrical
stimulation. These include 1. Chronic electrical stimulation in an attempt to
convert fast type II fatigue prone fibers to slow type I fatigue resistant fibers;
2. Modulation of electrical parameters; 3. Alternate stimulation, whereby the
different muscles that do the same function are stimulated alternately (e.g.
stimulating different muscles in the lower limb alternately to maintain tedious
tasks as standing); 4. Sequential stimulation and 5. Varying regimens of nerve
stimulation. Each of these methods has its advantages and disadvantages.
In dynamic myoplasty typically muscles are moved to new locations while
maintaining only one neurovascular pedicle and then forced through
extraneous pulse generators to functionally perform in this new location. The
new functional demand is not normal for this muscle and thus fatigues fairly
easily. In dynamic myoplasty muscle fatigues primarily for two reasons: they
have inadequate perfusion and or they are stimulated to contract at a
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frequency that is incompatible with their basic muscle fiber type (the latter
being in all functional electrical stimulation applications). The use of
extraneous stimulation devices produces skeletal muscle contractions capable
of generating significant force but the muscle cannot maintain force
generation due to fatigue of the muscle. As an anatomical muscle contracts,
the individual myofibers within the muscle place significant pressure on the
blood vessels within the muscle. Due to these high transmural pressures, a
tetanic contraction has the effect of occluding blood flow through the muscle
during contraction. This reduction of perfusion due to internal muscle
pressure contributes to the failure to deliver adequate oxygen and nutrients to
the contracting muscle and precipitates fatigue of the muscle and failure to
generate force despite continued stimulation.
Another factor in dynamic myoplasty that indirectly contributes to fatigue
might be the unfavorable resting length from which the muscle has to start
contracting. It is known that the length of the muscle in terms of bridge
kinetics has a determining influence on the force it can generate.21 In a
sphincter model the muscle is wrapped in the shape of a cylinder. Since the
muscle is not fixed any more via its tendons it shortens because of its elastic
components. In the shortened position maximum contractile strength cannot
be developed since there is not an optimum overlap of actin and myosin
filaments.
Training Regimen
An approach used in dynamic myoplasty to avoid muscle failure due to fatigue
is to train the muscle to enhance fatigue resistance.22-24 Training protocols
currently in use require an 8 week period of stimulation at increasing
frequency until the muscle is converted to a fatigue resistant fiber type.
Skeletal or striated muscles are normally a mixture of fatigue-prone, fast-
twitch, glycolytic (type II) and fatigue-resistant, slow-twitch, oxidative (type
I) muscle fibers. The innervation and the function of the muscle determine the
predominance of one fiber type over another and all fiber types in a given
motor unit are the same. But striated muscle is plastic in nature and the
training regimen transforms the muscle to predominantly type I. The trade-off
for producing fatigue resistance is a slower contracting muscle capable of
generating less power than its innate character.25
Sequential Stimulation
While there are many factors that probably contribute to the found difficulties
in using a training protocol to enhance fatigue resistance, one reason for the
variable outcomes could relate to the way the muscle is being electrically
stimulated. Under normal circumstances, a given anatomical muscle can
respond and adapt to generation of fine control, prolonged sustained activity,
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or brief intense activity. The response generated by muscle depends upon the
types of motor units (and therefore myofiber types) contained within the
muscle and the pattern of activity in which they are engaged.26 Current
applications of dynamic myoplasty call for tetanic stimulation and contraction
of all myofibers simultaneously. This tetanic type contraction occurs rarely in
normal conditions and can lead to irreversible muscle damage.
On the basis of the earlier described drawbacks of training regimens an
entirely different -more physiologic- approach to minimize skeletal muscle
fatigue was developed by Zonnevijlle et al. Rather than stimulating an entire
gracilis muscle in one electrical burst and thus recruiting the same fibers
simultaneously, they studied the feasibility of stimulating different gracilis
muscle segments sequentially. This approach allows parts of the muscle to rest
while other parts work. This sequential segmental neuromuscular stimulation
(SSNS) of the gracilis significantly enhanced resistance to fatigue in
comparison with whole muscle stimulation.27 These findings agreed with
literature addressing endurance enhancement in neuromuscular prosthesis
research for gait, in which alternation between agonistic muscles proved to be
beneficial.28,29 They are also in agreement with observations described in the
literature concerning the indirect or neural multichannel stimulation, which
was also developed to sequentially recruit separate parts of a muscle.30-32
Feedback Control
The control paradigms used in FNS have been described as open-loop and
closed-loop systems. In the open-loop paradigm, a single command or group
of commands is used to supply a stimulus to the muscle, which then for
example generates a force acting across the joint. The resulting torque is
balanced by the load, gravity, or an opposing muscle. In the open-loop system,
a single command is used to simultaneously control the stimulus levels, which
are provided to an entire group of muscles that generate a coordinated action.
This system does not incorporate any changes in the performance of the
muscle, such as fatigue or changes in the load, in the predicted performance.
Rather, the subject has the entire responsibility of using the command to
regulate the output performance. In contrast, closed-loop control uses sensors
to alter the performance of the system.33 An example of a closed-loop system
would be one in which detection of muscle force is required because of
fatigue. In this case, by measuring muscle force, the control system can
automatically compensate for changes in the muscle force due to an alteration
in muscle performance. There are many other examples of such closed-loop
control systems, including walking systems, in which the contact of the foot
on the floor is used to regulate subsequent stimulus actions, and control
systems, in which a sensor is provided to the joint to ensure that the joint
moves through its desired trajectory at a known rate.34 Closed-loop systems
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clearly require sensors as a critical element in their implementation.
Significant effort has gone into developing sensors for measuring parameters
such as foot to floor contact, force grasp, individual muscle force through the
bioelectric signal, intramuscular bioelectrical signal, intramuscular pressure
and tendon force, joint angle and so forth.35 Complex arm movements,
involving grasp and release control of the forearm, wrist, elbow, and shoulder,
have been achieved by using feedback control.36
SSNS was introduced by Zonnevijlle et al. to reduce muscle fatigue in
applications like graciloplasty, so that a prolonged training period could be
avoided and the neo-sphincter could be activated soon after surgery to
improve patient quality of life more immediately than current approaches
permit.27 To produce this most desired effect, the muscle was proposed to
animate in a fashion that allowed it to contract according to need. A normally
functioning native sphincter utilizes control mechanisms to regulate when and
to what degree contraction occurs, thus maintaining continence without
resorting to maximal sphincter contraction for prolonged periods of time.
Therefore, closed-loop control of the force generated by the neo-sphincter was
applied and combined with SSNS to mimic true physiologic sphincter
function.37 This study showed that closed loop control and sequential
segmental stimulation can be effectively combined to acutely control force
generation.
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Chapter 5
Use of the Rectus Abdominis Muscle for
Abdominal Stoma Sphincter Construction:
An Anatomical Feasibility Study
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In the few studies that have been done to investigate the feasibility of using
dynamic myoplasty to provide stomal continence denervation atrophy was one
of the two main problems that lead to failure.1-3 To approach this problem of
denervation atrophy we conducted an anatomic study to design a muscle flap
sphincter that would preserve as much innervation as possible and be
anatomically situated for stoma formation. The most likely would be a muscle
flap that would not need a neuro-vascular micro-anastamosis.
Muscle Selection
Following initial anatomical pilot studies we selected the rectus abdominis
muscle (RAM) as the ideal muscle for creation of a stomal sphincter. The
rectus abdominis muscle has been extensively used in reconstruction of
breast,4 thorax,5 vagina,6,7 bladder8,9 and extremity defects.10,11 For these
purposes the RAM was used to replace or cover a defect. In far less of an
extent the RAM has been used for replacing lost contractile function. A part of
the RAM, after neuro-vascular micro-anastamosis, has been used for dynamic
reanimation in patients with facial paralysis.12,13 The RAM has also been used
as a skeletal muscle ventricle in the dog heart.14
The RAM appeared to be the most promising myoplasty muscle for stomal
sphincter construction for the following reasons: 1. The RAM is ideally located
in close proximity to the lower abdominal quadrants where fecal stomas are
most often brought out through the abdominal wall. Therefore the RAM could
be transferred without the need for neuro-vascular micro-anastamosis. 2. It is
a long, broad muscle that can provide adequate muscle length for a
circumferential wrap around a stoma. 3. It has an axial blood supply from the
deep inferior epigastric artery and veins that is very reliable and consistent.15-17
4. Dissection can be performed through the same laparotomy incision used to
expose the bowel. 5. It has minimal donor-site morbidity.
Donor-site Morbidity
The rectus abdominis muscle is one of the muscles concerned in regulating the
so-called intra-abdominal pressure and in acting, together with others, as a
muscle of expiration. It flexes the lumbar spine, increases intra-abdominal
pressure, pushes the diaphragm upwards in forced expiration, and acts in
sneezing, lifting heavy objects and during parturition and vomiting. Great
exertion is demanded on the muscle when the body is raised from the
horizontal to the sitting posture without the aid of the arms, and also by
violent coughing and the strain of defecation.
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Most of the published studies concerning the donor-site morbidity of using the
rectus abdominis muscle have been after pedicled or free TRAM-flap surgery
for breast reconstruction.18,19 Kroll et al. reviewed the incidence of postoperative
abdominal bulge, hernia, and the ability to do sit-ups in a series of 268 patients
who had undergone free (unilateral and double-pedicle bilateral) TRAM or
conventional (single-pedicle and double-pedicle or bilateral) TRAM flap breast
reconstruction.19 The incidence of abdominal bulges (3.8%) and hernia (2.6%)
was similar in the four groups. However, the ability to perform sit-ups was
greatest in the unilateral free TRAM group (63%) and lowest in the double-
pedicle or bilateral conventional TRAM group (27%). At the same time there
are reports about incidences of serious weakness and hernias of the abdominal
wall in patients undergoing TRAM-flap breast reconstruction of up to 35%.20 To
reduce donor site morbidity, more attention has been given recently to limiting
the amount of muscle resection. This has led to the development of the deep
inferior epigastric perforator (DIEP) flap.21 These perforator flaps reduce donor
site morbidity to the lowest level yet possible.22
Free transfer of the segmental rectus abdominis muscle flap is one of the
standard procedures for free flap coverage of medium-size defects.11
Geishauser and co-workers evaluated the donor-site morbidity of the
segmental rectus abdominis muscle flap for lower extremity defects in 20
patients with an average follow-up time of 47-months. In the cases included in
this investigation only the caudal segment of one rectus muscle and les than
one-third of the total length of the rectus abdominis muscle had been
harvested.23 In only 1 patient they found one small hernia in the region of the
scar. Grading of the muscle strength of the anterior abdominal wall using the
test described by Janda (three exercises, Grades 0-5) was 5 in fourteen
patients (70%) and 4 in five patients (25%).
The amount of rectus abdominis muscle we need for stomal sphincter
construction is in between one-third and half of the total length of the rectus.
In contrary to Geishauer et al. we need to make an opening in the anterior and
posterior rectus fascia to let the stoma pass through.
Flap Design Rectus Abdominis Muscle: Anatomical Feasibility
The RAM has been used for a variety of different reconstructive procedures
and its anatomy has been well documented. In spite of this, a detailed
anatomical description of the RAM’s nerve and blood supplies relative to it’s
being used to create a fecal stomal sphincter has not been published.24-28 The
purpose of the following experiment was to describe the anatomy of the RAM
in the context of creating an innervated and pedicled fecal stoma neo-
sphincter. To determine the anatomical feasibility of creating a flap that, in
future studies, could be electrically stimulated, we performed detailed
dissections in fresh human cadavers. The objectives addressed include the
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following: (1) definition of the innervation pattern of the entire rectus
abdominis muscle; and (2) determination of the ideal rectus abdominis
muscle flap configuration for constructing a stoma sphincter and preserving as
much of its native innervation and vascular supply as possible.
Materials & Methods
A total of 24 RAMs in 14 fresh human cadavers (9 male, 5 female) were
investigated. Of the 14 cadavers, 10 underwent bilateral dissections. In the
remaining four cadavers only one RAM could be dissected due to the presence
of surgical scars on the contralateral side.
The first part of the investigation consisted of defining the neurovascular
anatomy of the RAM. The following measurements were carried out in each
mobilized RAM: 1. the vertical and horizontal distance of the point of
entrance of all the intercostal nerves innervating the RAM along its posterior
surface using the caudal insertion and the lateral muscle margin as reference
points. 2. the number of intercostal nerves innervating the most caudal
segment of the muscle (between the symphysis pubis and the most caudal
tendinous intersection). 3. the vertical and horizontal distance of the point of
entrance of the vascular pedicle using the caudal insertion and the lateral
muscle margin as reference points.
The second part of the investigation consisted of defining the best possible
RAM flap sphincter design that would both preserve the muscles’ nerve and
blood supply.
A mid-line laparotomy from the xiphoid process to the pubic symphysis was
used to expose one or both RAMs. The anterior rectus fascia was incised along
the medial border of the muscle and was reflected laterally to the lateral
margin of the RAM. Marking sutures were placed at the tendinous distal
insertion and tendinous intersections to insure that the muscle was returned
to its original length after detaching it from its distal insertion. The inferior
insertion of the RAM was transected from its bony insertion on the pubic
symphysis. The deep inferior epigastric vascular pedicle consisting of an artery
(DIEA) and two veins was dissected back to its take off at the external iliac
artery. Muscle mobilization was carried out by individually dissecting each
intercostal neurovascular bundle laterally with the assistance of an operating
microscope (Zeiss, Gera, Germany). The most caudal segment of the RAM was
divided longitudinally in the para-sagittal plane. The lateral segment was
wrapped around a 3-cm diameter stent that simulated a fecal stoma.
The following two sphincter configurations were compared: a peninsula flap
(n = 24) and an island flap (n = 16). With the superiorly based peninsula flap
design, the detached caudal portion of the rectus muscle was rolled
circumferentially around the stoma stent with the ventral surface of the
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muscle coming to lie against the stent (Fig. 1). The cranial portion of the
muscle was not divided from the caudal segment that was wrapped around
the stoma. The long axis of the stoma sphincter was parallel to the abdominal
wall. The following measurements were undertaken: 1. the length of the most
caudal segment of the rectus muscle with and without the tendinous insertion;
2. the RAM thickness of the caudal segment at its midpoint; and 3. the degree




Rectus abdominis muscle, peninsula flap stoma sphincter design in human cadavers.
(Left) Line drawing representation. (Right) Cadaver dissection.The detached caudal
portion of the rectus abdominis muscle is wrapped circumferentially around a
stoma stent, with the ventral surface of the muscle coming to lie against the stent.
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The second sphincter configuration was the island flap (n = 16). The island
flaps were constructed by modifying the last consecutive 16 peninsula flaps.
This configuration is the same as the peninsula flap with the major difference
that the RAM is transected at the caudal most intersection. The distal muscle
segment was then rotated 900 laterally to allow the stoma sphincter to stand
perpendicular to the abdominal wall (Fig. 2). The following measurements




Rectus abdominis muscle, island flap stoma sphincter design in human cadavers.
(Left) Line drawing representation. (Right) Cadaver dissection.The rectus abdominis
muscle is transected at the most caudal intersection, followed by 90-degree, lateral
rotation of the distal muscle segment that allows the created stoma sphincter to
stand upright.The solid arrows indicate the segmental intercostal nerves.The open
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was wrapped around the stent; 2. the degree of nerve mobilization proximal
to the rectus fascia needed to allow for tension-free stoma sphincter
construction; and 3. the amount of sphincter projection above the abdominal
wall.
Results
The location at which the intercostal nerves enter the RAM along its posterior
surface is shown in Figure 3. The number of intercostal nerves innervating the
caudal segment was two in 13%, three in 54% and four in 33% of the RAM
dissections. The Deep Inferior Epigastric Pedicle was 10.0 ± 0.5 cm (VD) from
the pubic symphysis and 2.7 ± 0.2 cm (HD) from the lateral margin of the
RAM (Fig. 3).
The average length of the caudal rectus segment was 13.3 cm (10.5 to 18.5
cm) without the tendinous insertion of the muscle and 15.5 cm (12.5 to 20.5
cm) with the tendinous portion included. On average, the distal tendinous
portion of the muscle was 2.7 cm long (1.5 to 3.5cm). The RAM thickness of
the caudal segment at its midpoint was 5.7 ± 0.5 mm (range 3.0 to 12.0 mm).
The amount of muscle overlap around the three-centimeter stent varied with
the type of flap being used. Using the peninsula flap the overlap was 0.5 cm (-
2.0 to 2.9 cm). In two of the 24 peninsula flap sphincters there was no muscle
overlap. In all the island flap sphincters there was complete muscle overlap
the extent of which depended on the length of the caudal segment. The
average amount of overlap for the island flap was 4.8 cm (1.0 to 9.0 cm).
In all peninsula flap sphincters, the amount of mobilization achieved by
dissecting the intercostal nerves up to the lateral border of the rectus muscle
was sufficient to allow the wrap to occur without tension on the nerves. No
further nerve mobilization was needed. In the island flap design, nine of the
16 flaps (56%) could not be wrapped around the stent unless one or more of
the intercostal nerves were dissected from the fascial plane between the
internal oblique and the transversus abdominis muscles. One nerve in seven
flaps and two nerves in two flaps had to be dissected anywhere from one to
three centimeters in order to permit the wrap to occur without placing undue
tension on either the nerves or the vascular pedicle.
The sphincter projection as determined by the width of the island flaps, was
4.0 ± 0.2 cm (range 3.0 to 7.0 cm). In only one dissection was it necessary to
use almost the entire width of the muscle due to a very medially located
insertion of the vascular pedicle.




Location of the entrance of the intercostal nerves (solid dots) and the deep inferior
epigastric pedicle (open dot) into the rectus abdominis muscle along its posterior
surface.The vertical distance (VD) of the point of entrance uses the caudal insertion
at the pubic symphysis (PS) as a reference point (y-axis).The horizontal distance
(HD) of the point of entrance uses the lateral margin of the rectus abdominis
muscle (LMR) as a reference point (black solid line).As an example, the brackets
indicate the actual distance (in centimeters) at which the third intercostal nerve
enters the muscle.




Fecal stomal incontinence continues to pose a major problem for patients who
suffer with them, for health care professionals responsible for caring for these
patients and for the health care system responsible for their costs. Previous
attempts to create a continent stoma using dynamic myoplasty procedures
have met with less than ideal outcomes. Failures were reported to have been
due primarily to denervation atrophy and muscle fatigue of the newly created
sphincter. In an attempt to solve the problem of muscle denervation we
performed the present anatomical studies. We designed a muscle flap that
required minimal muscle denervation in its creation.
Ideally, a muscle chosen for stoma sphincter construction should be situated in
close proximity to the proposed stoma location so that local muscle flaps could
be used to create the sphincter. In addition, a muscle flap designed for stoma
sphincter construction should preserve as much innervation as possible so that
sphincter function is not compromised. After carefully considering various
muscles for creating a stoma sphincter we chose the rectus abdominis muscle
since it appeared to be the best suited choice for this application.
In a thorough literature search we could not find anatomical descriptions of
the RAM’s innervation that pertained to our specific application i.e. creation of
a stoma sphincter. Previous anatomical studies that described the innervation
pattern of the RAM did not include exact data pertaining to the number of
nerves entering the RAM and at what distance from the pubic symphysis they
entered. According to Duchateau et al.29 six to eight intercostal nerves were
found to pass into the RAM along a line extending from the costal margin and
xiphoid process down to the pubic symphysis. Below the umbilicus, two to
three nerves were reported to enter the segment of muscle below the arcuate
line. These nerves were noted to become intramuscular shortly after passing
beneath the lateral margin of the muscle. Information concerning the vertical
distribution of the intercostal nerves entering the RAM, however, was not
presented. Similar findings were presented by Bishop et al.26, Rouvière et al.27
and Testut et al.28 According to Cullen et al.25 at the lateral margin of the rectus
sheath, there are 5 to 8 fascial perforations through which the intercostal
nerves and vessels enter at fairly regular intervals. However, the location of
the end distribution was noted to be highly variable. Other published
anatomical studies did not provide us with the specific data needed for our
application.30,31
Our anatomical dissections revealed that the RAM is in the appropriate
anatomic location for a stoma; indeed many current methods of stoma
creation include delivering the intestine directly through this muscle. The
RAM is a long, broad muscle that can easily be circumferentially wrapped
around a stoma when lifted as a flap. The muscle has a robust vascular supply
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from the dominant deep inferior epigastric artery and veins,15,16 and as our
dissections demonstrated, its nerve supply can be kept intact without limiting
its arch of rotation. There were, however, some limitations encountered in
positioning the sphincter on the abdominal wall. The length of the DIEA
pedicle supplying the RAM sphincter limited the distance that the stoma could
be positioned cephalad to the pubic symphysis. Conversely, the factor
determining the cephalad position of the sphincter depends on the flap design
used. With the island flap, the most cranial intercostal nerve(s) limited the
mobility of the sphincter. In 9 of 16 island flaps a more extensive mobilization
of the intercostal nerves was needed to provide enough mobility to complete
the wrap. In case of the peninsula flap the muscle itself limited the mobility of
the sphincter. The fact that the peninsula flap design consisted of not dividing
the muscle above the most caudal tendinous intersection caused the muscle
itself to functionally tether the sphincter superiorly. This tethering of the
peninsula flap accounted for not being able to use contractile muscle for the
entire wrap. Instead, part of the distal tendon had to be used to complete the
wrap in two cases. This was not a problem in the island flap design.
In addition to the above a number of other key features of the island flap
design made it better suited for stoma sphincter construction. For example,
the island flap design was more versatile in terms of positioning. It could be
positioned perpendicular to the abdominal wall allowing the stoma to be
delivered to the abdominal skin over the shortest distance without acute
angulations. This feature minimizes the risk of distal bowel ischemia. On the
other hand, the fact that the island flap was only tethered by its nervous
attachments and the vascular pedicle could conceivably place traction on one
of the innervating nerves when the muscle is electrically stimulated and
contracts. However, one would expect that as the sphincter heals and forms
attachments to the surrounding tissues it would become fixed in position
making this concern more theoretical than real.
An advantage of the peninsula flap design over the island flap was its dual
blood supply. However the disadvantage of the peninsula flap design was that
it causes the sphincter to lie parallel to the abdominal wall thus requiring that
a greater length of bowel be used to pass through the sphincter. This could
increase the risk of distal bowel ischemia. In addition, the parallel orientation
of the peninsula flap relative to the abdominal wall would cause two acute
angulations in the bowel resulting in further potential risk of local ischemia
and resultant stenosis. Finally stimulation of the peninsula flap sphincter
would likely cause the entire contiguous muscle to contract resulting in
distortion and upward displacement of the stoma. This could cause discomfort
for the patient.
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As with other striated, voluntary fast-twitch muscles, the rectus abdominis
muscle fatigues rapidly if repeatedly stimulated. To apply this method
clinically as in other dynamic myoplasty applications the RAM would have to
be made fatigue-resistant in order to function as a stoma sphincter. This can
be achieved by “training” the muscle as is done in cardiomyoplasty or
graciloplasty,32 in which case the latissimus dorsi and gracilis muscles are
transformed from fatigue-prone to fatigue-resistant. We are currently
conducting experiments in a dog model designed to define optimal electrical
stimulation parameters that can be used to train the RAM flap stoma
sphincter.
In summary, we have shown through detailed anatomical dissections that the
RAM is ideally suited for constructing a stoma sphincter. The muscle is located
in the appropriate anatomical location for stoma creation, it has a long
vascular pedicle, and the preserved segmental intercostal innervation pattern
allows the muscle to be tailored and mobilized in such a way to completely
wrap a fecal stoma without significant muscle denervation. We found that the
RAM island flap design is superior to the peninsula flap design for stoma
sphincter construction. If in our future “functional” studies the RAM can be
successfully trained to become fatigue-resistant, this technique could put the
problem of stomal incontinence one step closer to being solved.
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